When the central nervous system in humans is deprived of oxygen, the effects are potentially disastrous. Electroencephalographic activity is lost and higher brain function ceases rapidly. Despite the importance of these effects, the mechanisms underlying the loss of cortical activity are poorly understood. Using intracellular recordings of human neocortical neurons in tissue slices, we show that, whereas anoxia produces a relatively small depolarization and modest alterations in passive properties, it causes a major decrease in excitability. Whole-cell voltage-clamp studies ofacutely isolated human neocortical pyramidal neurons demonstrate that anoxia and metabolic inhibition produce a large negative shift in the steady-state inactivation Ihoo ( V)I curve for the voltage-dependent sodium current (INa). Inclusion of ATP in the patch pipette decreased the shift of the hoo ( V) curve by two-thirds. Because increased inactivation of IN. decreases cellular metabolic demand, we postulate that this promotes neuronal survival during periods of oxygen deprivation. These data show a novel mechanism by which anoxia links metabolism to membrane ionic conductances in human cortical neurons. (J. Clin. Invest. 1993. 91:608-615.)
Introduction
The effect of oxygen deprivation on the central nervous system (CNS) in humans can be rapid and clinically catastrophic. Consciousness and higher brain functions are lost and electroencephalographic activity disappears quickly (1); prolonged periods of deprivation can lead to irreversible brain damage (2) . Recent studies using in vitro preparations of animal tissues have investigated the cellular mechanisms underlying the neuronal response to anoxia (3) (4) (5) (6) (7) (8) (9) (10) . Although the results of these animal studies have been useful, it is still unclear how oxygen deprivation depresses brain electrical activity within brief time periods and how this depression relates to CNS injury. Because the majority of animal studies have focused on hippocampal (3-7) and brainstem (8, 9) tissue, little is known about how anoxia influences ionic conductances and cellular properties in animal neocortical neurons. This is particularly significant be-is not known to what extent data pertaining to the neuronal response to anoxia in animal models (in vivo or in vitro) apply to human neurons. We have therefore taken advantage of a rare opportunity to study the anoxic response of human neocortical neurons in the human brain slice and dissociated human neocortical neurons.
Methods
Preparation ofhuman brain slices. The methods for preparation ofthe human neocortical slices were similar to those previously described ( 12) . These studies have been approved by our Institutional Human Investigation Committee and patient consent for the use of resected tissue was obtained. Briefly, a small portion of human neocortical tissue was obtained from 15 patients with temporal lobe epilepsy undergoing resection of the hippocampus, parahippocampus, and lateral amygdala. The anterolateral temporal tissue obtained for these studies was removed solely to gain access to the hippocampus and was judged to have normal excitability from intracranial chronic depth and subdural electrode recordings and/or intraoperative cortical surface electrocorticography which examined interictal electrical activity. In a separate study neocortical slices removed from these sites using the same selective criteria were demonstrated to be electrophysiologically and histologically normal ( 12) . Neocortical tissue was resected by neurosurgeons (Drs. Dennis D. Spencer and Itzhak Fried) and a portion (-0.5-1.0 cm3) of the excised tissue was placed in ice-cold Ringer's (3-5°C). The tissue was rapidly transferred to the laboratory, sectioned into 400-,um slices, and then placed in a slice recording chamber. The time from tissue resection to the placement of slices in the chamber was 10 min or less. These slices were continuously superfused with a medium containing (in mM) 124.0 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2.0 MgSO4, 2.0 CaCl2, 26.0 NaHCO3, and 10.0 -glucose that was oxygenated with 95% 02-5% CO2 (pH 7.4) and perfused with a flow of 1-2 ml/min. Warmed and humidified 95% 02-5% CO2 also flowed over the surface of the slices. The temperature in the chamber was maintained at 35-36°C. Anoxia (up to 40 min) was induced by switching to the perfusate equilibrated with 95% N2-5% CO2, and by superfusing this same gas over the slices. In our slice system, Po2 started to decrease within 5 s after switching to N2 and became close to zero within 20-30 s ( 13) .
Electrophysiologic measurements in human brain slices. Membrane potential (Vm)' was recorded using glass microelectrodes filled with 3 M KCl or 2 M potassium acetate (resistance 60-100 MQ).
Membrane input resistance (Rn) was measured by passing step hyperpolarizing currents through the recording electrode and recording voltage changes. Rheobase was taken as the minimal current that produces action potentials. To compare rheobase changes during anoxia, current was passed when there were no detectable changes in Vm and Rn. Cells were accepted for further analyses only if (a) Vm was more negative than -65 mV and (b) the amplitude ofaction potentials was > 80 mV. Figure 1 . Electrophysiologic responses of human neocortical neurons to anoxia. Intracellular recordings of a temporal cortical neuron were carried out in brain slices as previously described ( 12) . Four short epochs extracted from continuous intracellular recordings, monitoring Vm, Rn, and neuronal activity during baseline, anoxia (3 and 8 min), and recovery. Note that (a) excitability was reduced during anoxia as action potentials ceased for the same current injection; (b) Rn decreased during anoxia; and (c) the human neocortical neuron hyperpolarized before it depolarized during the course of anoxia. After 02 was reinstituted, Vm, Rn, and rheobase returned to the baseline level.
Double-barreled (Capillaries, No. PB I 50F; World Precision Instruments, Sarasota, FL) microelectrodes similar to those described previously (9, 10) were employed for measurements of extracellular potassium activity (Kg). In brief, the ion-selective barrel was exposed to hexamethyldisilazan (Fluka Chemie AG, Ronkonkoma, NY) vapor for 1 h and then baked at 120°C for 2-3 h. The tip ofthe ion-selective barrel was filled with valinomycin-based K+ ionophore (Fluka, 60398 Potassium Ionophore 1-Cocktail B) and the remainder of the barrel backfilled with 0.1 M KCL. This ionophore has a much greater measured selectivity for K+ than various ions, e.g., K+/Na+ ( 1,000:1 ). The other barrel was filled with 3 M NaCl. Electrodes were used only ifthey showed an excellent sensitivity to K+ (a voltage change > 70 mV when K+ concentration increased from 5 to 100 mM) and a high frequency The voltage recorded from the NaCl barrel was subtracted from that of the ion-selective barrel with a differential amplifier (with respect to a reference electrode filled with 3 M KCI). Their difference (representing K+ potential) was amplified, filtered (0-100 Hz) and displayed on a chart recorder. Serial calibrations ofion-selective microelectrodes were made with solutions containing 3.1, 5, 10, 50, and 100 mM KCL. The osmolarity was balanced with NaCl. Ko was calculated by comparing voltage changes recorded from neurons with those obtained from calibration solutions.
Whole-cellpatch-clamp recordings ofhuman cortical neurons. Neurons were acutely isolated to study membrane currents using the whole-cell patch-clamp technique (14) . The cell isolation procedure was carried out as has been previously described (7, 15) with the following modifications: up to eight 300-Mm slices (taken from the same tissue used for the slice recordings) were maintained in Ringer's saline (at 32°C). After at least 1 h, individual slices, as needed, were transferred to a second chamber for enzymatic treatment. Each slice was incubated with oxygenated Hepes-buffered saline (Qin mM] 140 NaCl, 2.5 KC1, 1 CaCl2, 1 MgCl2, 25 dextrose, and 10 Hepes; pH 7.35) containing a low concentration of trypsin (0.15%, type XI; Sigma Chemical Co., St. Louis, MO) at 32°C for 1 h, then washed in fresh Hepes for 15 min. Under a dissecting microscope, layers 3 and 4 were dissected out and the cells were dissociated by gentle trituration. Cells were plated in 35-mm plastic petri dishes for recording. Typically, around 50 cells were obtained from a 9-mm2 piece of tissue. Whole-cell patchclamp recordings were conducted at room temperature (-22°C) as has been previously reported (7) . Isolated neurons exhibiting a pyramidal morphology and a soma size of 12-25 ,m were selected for recording. Cells were not considered for analysis if the initial seal resistance was < 5 Gil, they had high leakage currents (holding current > 0.4 nA at -80 mV), membrane blebs, significant space clamp problems, or an access resistance > 15 MQ. In an attempt to minimize cytosolic washout and still maintain a reasonable access resistance, 4-6 MU pipettes were used. The average access resistance was 10.7±3 MU (n = 56). Access resistance was monitored throughout the experiment and data were not used if resistance changes occurred.
For initial experiments the external solutions was Hepes-buffered saline and the pipette solution contained (in mM) 150 KF, 5 EGTA, 10 Hepes, and 9 glucose at pH 7.35. In the current-clamp recording mode, these neurons had an average membrane potential of -59±6 mV (n = 8, mean±SD), an input resistance of488±243 Mg (mean±SD) and an amplitude of action potentials of 91±6 mV. Rn of these cells was 57±25 Mg (range 23-111 MQ).
Other membrane properties such as postinhibitory rebound, delayed excitation, spike frequency adaptation, inward rectification, and after-hyperpolarization were also found in these cells, although to various degrees.
Effects ofanoxia on human neocortical neurons in the slice.
To examine the effect of anoxia on human neocortical neurons, slices were exposed to anoxia for 10-30 min. We observed three main electrophysiologic changes relating to Vm, Rn, and neuronal excitability. Vm showed a biphasic response A C 00 pA ms to anoxia in most neurons (30/36) (Fig. 1) Although Rn did not change in the first several minutes of anoxia, it decreased in all cells and, by the end ofthe exposure period, the mean maximum decrease was 44±15% (n = 36). During these studies, we were intrigued to see that neuronal excitability was markedly decreased early during anoxic exposure (Fig. 1 ) , sometimes even in the absence of Vm or Rn changes. Indeed, before there was any change in Rn and at a time when Vm was either still at or had returned to baseline levels (before depolarization), rheobase was found to increase by 1.7±0.4 times (P < 0.001, n = 19). The rheobase continued to increase throughout the anoxic exposure and reached a maximum of 2.6±0.7 times (P < 0.001, n = 10). Furthermore, there was a major inhibition of excitatory postsynaptic potentials (EPSPs): spontaneous EPSPs were completely suppressed within the first 5 min (2.5± 1.0 min, n = 17) ofanoxia (Fig. 2) . (Ko) (9) (10) (11) 16 (Fig. 3) .
We were surprised to observe that human neocortical neurons maintained Vm and Rn for 15-20 min with a complete lack of 02-Parallel ongoing experiments in our laboratory on rat neocortical slices have shown, however, similar patterns of electrophysiologic changes (unpublished data). This contrasted with previous studies on rat hippocampal and brainstem tissue demonstrating major depolarization within much shorter periods of time (6-7 min) (3) (4) (5) (6) (8) (9) (10) (Fig. 4) were studied. Inasmuch as inhibition of the sodium current could underlie the decreased excitability seen in the slice preparation, and because of our previous results with rat hippocampal CAl neurons (7), the following wholecell studies focused on the voltage-dependent sodium current. Using cesium fluoride in the pipette solution and CdCl2 in the bath, neurons displayed only a fast-activating, fast-inactivating inward current (INa) that was blocked by tetrodotoxin ( 1 ,uM). This current activated at around -50 mV and had a peak current at -30 mV. Cells were studied before and after perfusion with metabolic inhibitors (2 mM NaCN) or zero-oxygen solution (anoxia, measured Po2 = 0 torr). CN markedly decreased the magnitude ofINa (elicited by stepping to 0 mV from a holding potential of -70 mV) by 48±17% in a short period (n = 12). This inhibition was reversible, with partial recovery occurring within 5 min (Fig. 5) . Anoxia decreased INa in human neocortical neurons by 33±8% (n = 5), but typically the response took two to three times longer to elicit than with CN. Neither CN nor zero-oxygen solutions had significant effects on the time to peak or the kinetics offast inactivation (Fig. 6) . The time constant for inactivation was 0.46 ms before and 0.47 ms after cyanide application (n = 15).
CN decreased the magnitude of INa at all command potentials, but had little effect on the threshold for current activation and the occurrence of the peak current (Fig. 7 A) . In fact, CN shifted the I-V curve by only 4±4 mV in the positive direction (n = 7). Similarly, zero-oxygen exposure did not significantly alter the I-V relationship.
The effect of metabolic inhibition on steady-state inactivation was also examined. Both CN and zero-oxygen had a major effect on the voltage dependence of steady-state inactivation.
The midpoint of the steady-state inactivation curve [hoo(V)] was shifted in the negative direction by 21±6 mV (n = 12) and 17±6 mV (n = 6) with CN and zero-oxygen solutions, respectively. The spontaneous shift in the hoo ( V) curve for a corresponding time period (1 min) was < 1 mV (0.9±0.6 mV/min, n = 7).
To check that voltage clamp errors were not biasing the results, experiments were done using a reduced sodium gradient (20 mM Na4, 5 mM Nat), large pipette tips (2-4 MO) and 80-90% series resistance compensation. The estimated maximum error for clamp potential was 4±2 mV. CN decreased the magnitude of INa (38+15%, n = 5) when the cells were held at -70 mV and stepped to 0 mV. The midpoint of the hoo(V) curve, as determined with a Boltzman function, shifted -24 mV in the hyperpolarizing direction (Fig. 8 A) . The slope ofthe hoo (V) curve decreased dramatically, with the slope factor, K (mV per e-fold change in peak current) changing from 6.5 to 13.4. To verify that the shift was not affected by the perfusion system, we did two additional sets of experiments. Perfusing cells with saline had almost no effect on the magnitude of INa (0.4±5.3% increase, n = 5) or the hoo(V) curve. In the second set, cells were exposed to 1 mM CN for 5-10 minutes before being patched. When the hoc(V) curve for these cells was compared with the baseline values for the cells above, a shift of 15 mV in the negative direction was seen (Fig. 8 B, n = 4) . The K for these cells was 8.8 mV per e-fold.
To determine whether ATP plays an important role in maintaining INa, whole-cell recordings were made with electrodes containing 2-10 mM K2ATP (n = 16). When holding these cells at -70 mV and stepping to 0 mV, CN decreased the magnitude of INa by only 8±9% (n = 15) (Fig. 9 A) . Further, the negative shift in the hoo(V) curve was 7±4 mV (n = 1O) (Fig. 9 B) , indicating that intracellular ATP levels are crucial Test Potential (mV) Test Potential (mV) Figure 8 . (23) (24) (25) . In concept, this adaptive mechanism is similar to that described recently by us and other investigators (26, 27) involving ATP-sensitive K+ channels and linking metabolic activity of the nerve cell to its membrane biophysical properties and excitability. It is the understanding of these mechanisms and their regulatory pathways that will lead us in the future to a better appreciation of cellular adaptation to stress, survival strategies and cell injury. Test Potential (mV) Figure 9 . 
